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Abstract

We presenta simple toy modelfor colour reconnectionsat the non-
perturbatve level. The modelresemblesan annealing-typealgorithm
andis applicableto any collider andprocesgype,thoughwe arguefor
a possibleenhancementf the effect in hadron-hadrortollisions. We
presenta simple applicationand study of the consequencef®r semi-
leptonictt eventsatthe Tevatron.

1. Intr oduction

Amongthe centralobjectvesof collider physicsis the precisemeasurementf the elementary
particlemassesndcouplings.Striking recentexamplesarethe measurementsothat LEP and

at the Tevatronof the massof the W bosonto a precisionbetterthanonepermille [1,2] — a

precisiongiving truly valuableinsightinto the mechanisnof electraveaksymmetrybreaking
aswell asin probingfor the quantumeffectsof New Physics.

At presentwith thetop quarkin focusatthe Tevatronandthe physicsprogrammeof the
LHC only a few yearsdistant,the solid understandingpof QCD phenomendeyond leading-
orderperturbatiortheoryis becomingincreasinglymoreimportant,with alarge rangeof both
experimentabndtheoreticamethodsandtoolsbeingdeveloped.Theaim,to achieve theoretical
andsystematiancertaintiecapableof matchingthe expectedstatisticalprecisionof the large
datasampledecomingavailable.

Apart from developmentsn flavour physicsandlattice QCD, essentiallyall of theseap-
proachegocusontheperturbatve domainof QCD — in brief: includingmorelegs/loops/loga-
rithmsin the calculations. The point we wish to stresshereis that, even assumingheseap-
proachego one day deliver predictionswith negligible uncertaintiesassociatedvith uncal-
culatedperturbatve orders,therestill remainsthe non-perturbatie aspectsfor which current
understandingannotbe calledprimitive, but certainlynot crystalcleareithet

Recently the structureand physicsof the underlying event hasreceved someatten-
tion [3—6], but againthe main theoreticalthrust, with few exceptions[7, 8], hastaken place
in the perturbatve modeling,in theform of moresophisticatednodelsfor multiple perturbatve
interactiong9-11]. While non-perturbatie aspectertainlyplay a significantrole, andenter
into thedescriptionsn theform of variousphenomenologicglarameterghey generallysuffer
from beinghardto quantify, hardto calculate andhardto test. In this study we shallfocuson
preciselysucha sourceof potentialuncertainty:colourreconnectioreffectsin thefinal state,n
particularin the context of measurementsiadeat hadroncolliders.

In Section2. we briefly discusssomepreviouscerebration®n colourreconnectionsand
in Section3. presentour own toy model,for usein the presentstudy In Section4. we give a
few explicit examplesandshov someresultsfor tt eventsat the Tevatron. Section5. contains
asummaryandoutlook.



Fig. 1: a) theoriginal colourtopologyin hadronicete= — WW events,andb) a reconnectedersion.Notethat
thesearenot Feynmandiagramsbut ratherspatialdiagramsdepictingthe situationafterthe annihilation,with the
productionpoint attheorigin. Arrows pointingagainsthe directionof motion signify antifermions.

2. Colour Reconnections

The subjectof colour rearrangementwasfirst studiedby GustafsonPetterssonand Zerwas
(GP2)[12], therein amainly qualitatve way, andin the contet of rearrangementsikingplace
alreadyat the perturbatve level. They obsenedthat, e.g.in hadronicWW — (q;G2)(q3ds)
eventsat LEP, illustratedin Fig. 1awith colourconnectionsracedby dashedines,interference
effectsandgluon exchangedetweerthe decayproductscouldleadto areconfiguratiorof the
colourtopologyinto the onedepictedin Fig. 1b. In thereconnectedopology boththe pertur
bative QCD cascadeindthe subsequenhadronisatiorphasewould be substantiallydifferent,
leadingto very large effects.

SjostrandandKhoze(SK) [13,14] subsequentlparguedthatsuchlarge effectsweremost
likely unrealistic.A reconnectioralreadyatthe perturbatve level requiresatleasttwo perturba-
tive gluonvertices leadingto ana? suppressionMoreover, therelevantreconnectiordiagram
is colour suppressedly 1/N? with respecto the leading(non-reconnected) (a?) diagrams.
Finally, for thedecayproductsof thetwo W bosondo radiatecoherentlythey must,in thelan-
guageof wave mechanicsbein phasewhich only occursfor radiationat enegiessmallerthan
the W width. In otherwords,gluonswith wavelengthsmallerthanthetypical separatiorof the
two W decayverticeswill beradiated(almost)incoherently For thesereasonsSK considered
ascenariovherereconnectionsccuraspartof the non-perturbatie hadronisatiorphase.

The SK modelis basedon the standard_und string fragmentatiormodel[15], in which
thechromo-electridlux linesformedbetweercolourchagesseparateat distancesargerthan
~ 1fm arerepresentelly simplemasslesstrings.SK amguedthat,if two suchstringsoverlapin
spaceandtime, thereshouldbe afinite possibilityfor themto ‘cut eachotherup’ andrearrange
themseles, muchas hasbeenrecentlydiscussedor the caseof cosmicand mesonicsuper
strings[16,17]. However, sincewe do not yet know whetherQCD stringsbehae morelike
flux tubesin a Typell or a Typel superconductoroughly speakingwhetherthe topological
informationis storedin a small coreregion or not), SK presentedwo distinct models,com-
monly referredto asSK-II andSK-I, respectrely. As would be expected pothmodelsresulted
in effectsmuchsmallerthanin the GPZmodel,leadingto apredictedotal uncertaintyonthe W
massfrom this sourceof o,,, < 40 MeV. SK alsoperformeda studyof QCD interconnection
effectsin tt production[18], but only in the context of ete™ collisions.

Subsequentlya numberof alternatve modelshave alsobeenproposedmostnotablythe
onesproposedy theLund group,basedn QCD dipoles[19—-21],andonebasedn clustersoy
Webber22]. Apartfrom WW physics,colourreconnectionbave alsobeenproposedo model
rapidity gaps[23-25] andquarloniumproduction[26].

Returningto e*e~, experimentalinvestigationsat LEP Il have not found conclusve ev-



idenceof the effect [27,28], but werelimited to excluding only the more dramaticscenarios,
suchasGPZandversionsof SK-I with therecouplingstrengthparametecloseto unity. Hence,
while colour reconnectioreffects cannotbe arbitrarily large, thereis room for further specu-
lation. In addition,aswe shall arguebelaw, it may be possiblethat the effect is enhancedn
hadroncollisionsover ee~ — with the addedcomplicationthat the ervironmentat hadron
collidersis necessarilynuchlessbenignto this sortof measuremernthanwasthecaseat LEP.

3. Our Toy Model — Colour Annealing

In electron—positromnnihilation,thetwo incomingstatescarry electromagnetichage— giv-
ing riseto adilute cloudof virtual photonssurroundinghem— but no strongchage. Fromthe
QCD pointof view, thevacuumstateis thusundisturbedn theinitial state atleastupto effects
of ordera?, i.e.e — e'v* — e'qq. After the productionof, say a WW pair, e.g.with both W
bosonsdecayinghadronically efe™ — WTW™ — (q;32)(q3q4), further QCD radiationand
hadronisatiorthendevelops,in the backgroundof this essentiallypure vacuumstate. As dis-
cussedabove, the final statecolour topologyduring the perturbatve partof the QCD cascade,
atleastdown to enegiesof orderthe W width, in all likelihoodis the onedepictedn Fig. 1a.
For gluonenegiessmallerthanthe W width, however, thequestionis still relatvely open.

Goingto (inelastic,non-diffractive) hadron-hadrowrollisions,theinitial statealreadycon-
tainsstrongchages.Usingasimplebagmodelfor illustration,thevacuumatthecollision point
andin thespace-timareaimmediatelysurroundingt would not betheundisturbedneabore,
but would rathercorrespondo the vacuuminside the hadronicbag. Thoughdetailedmodel-
ing is beyond the scopeof the presentdiscussionywe notethat soft colour fields living inside
this bag, with wavelengthsof orderthe hadronsize ~ hadronisatioriength,couldimpactin a
non-trivial way the formationof colourstringsatthetime of hadronisation23,24], effectsthat
would not have beenpresenin ete™ collisions.

We arenotawareof ary detailedstudiesneitherexperimentahortheoreticahtthistime.
Several of the modelsmentionedabore would still be moreor lessdirectly applicable but the
noisierenvironmentof hadroncollidersmakesit dauntingto attemptto look for ary effect. In
this paper we proposea simpletoy model,to give afirst indicationof the possiblesize of the
effect, in particularfor tt productionatthe Tevatron.

Sincewe do not expectthe differencein backgroundsacuumto affect the short-distance
physics,we take the agumentsof SK concerningthe absenceof colour reconnectionst the
perturbatve level to still be valid. Thoughone could still imaginereconnectiondelov the
relevant resonanceavidths, we shall not considerthis. Thatis, we let the entire perturbatve
evolution remainunchangedandimplementour modelat the hadronisatiorievel only. Having
no explicit model for how the presenceof soft backgroundfields would affect the collapse
of the colour wave functionsat hadronisatiortime, we consideran extremecase,wherethe
guarksandgluonscompletelyforgettheir colour ‘history’. Instead whatdeterminedetween
which partonshadronisingstringsform is a minimizationof thetotal potentialenegy storedin
strings.Specifically we proposehatthepartonsregardlesof their formationhistory, will tend
to be colour connectedo the partonsclosestto themin momentumspace henceminimizing
the string length and therebythe averageparticle multiplicity producedby the configuration,
asmeasuredy the so-called’Lambda measure’7, 29], heregiven for masslespartonsfor
simplicity:

A=y

=1 Mg ) (1)
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Fig. 2: Type| colourannealingn a schematiqzg — gg scattering.Black dots: beamremnants.Smallerdots:
gluonsemittedin the perturbatve cascadeAll objectsherearecolouroctets henceeachdot mustbe connectedo
two string pieces.Upper:thefirst connectiormade.Lower: thefinal stringtopology

wherei runsover the numberof colouranticolourpairs (dipoles)in the event, N, m; is the

invariantmassof thei’th dipole,and M, is a constanthormalisatiorfactorof orderthe hadro-

nisationscale.Theaveragemultiplicity producedoy string fragmentations proportionalto the

logarithmof A. Technically themodelimplementatiorstartsby erasinghe colourconnections
of all final statecolouredpartonsjncludingonesfrom W decaysetc. It thenbeginsaniterative

procedurgwhich unfortunatelycanbe quitetime-consuming):

1. Loopoverall final statecolouredpartons.
2. For eachsuchpartonwith astill unconnectedolouror anticolourchage,

(a) Computehe A measurdor eachpossiblestringconnectiorfrom thatpartonto other
final statepartonswhich have a compatiblefree colourchage.
(b) Storetheconnectiorwith thesmallestA measurdor latercomparison.

3. Compareall the possible'minimal string pieces’found, onefor eachparton. Selectthe
largestof theseto be carriedout physically Thatpartonis in somesensehe onethatis
currentlyfurthestaway from all otherpartons.

4. If ary ‘danglingcolourchages’areleft, repeatirom 1.

5. At the endof theiteration,if thelastpartonis a gluon, andif all otherpartonsalready
form a completecolour singletsystem the remaininggluonis simply attachedetween
thetwo partonswhereits presencavill increasehetotal A measuregheleast.

This procedurewill find alocal minimumof the A measureMore aggressie modelscouldstill
beconstructedmostnoticeablyby refiningthealgorithmto avoid beingtrappedn shallov local
minima. As a sideremark,we notethatthe above procedurewhich we shallreferto asTypell
belaw, asit standswvouldtendto resultin anumberof smallclosedgluonloops.Hence we also
consideravariant(Typel) whereclosedgluonloopsaresuppressedf otherpossibilitiesexist,
seeillustrationin Fig. 2. Both variantsof the annealingalgorithmareimplementedn PYTHIA
6.326,andarecarriedoverto PYTHIA 6.4, wherethey canbe accessedsingthe MSTP( 95)
switch,seealsothe updatenotes[30] andthe Py THIA 6.4 manual31].

4. Results

As afirst applicationof the new models,we considertheir effectson semileptonicit eventsat
the Tevatron. Specifically whetheran effect could be obsenablein the light-quarkjet system
from thehadronicW decay Thisis closelyrelatedto thework presentedhn [32].

For ary fragmentatiormodel,thefirst stepis to make a (re)tuneof the minimum-biasand
underlying-&ent(UE) parametersldeally, the whole rangeof modelparametershouldcome
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Fig. 3: Semi-leptonidop eventsat the Tevatron(seetext). a) Chaigedparticledensitybetweenthe W jets (note
thezerosuppressionandb) p, spectraor chagedparticlesin theregion60° < 6 < 120°.

underscrutiry, however for the presentstudywe limit oursehesto a one-parameteretuning

of the multiple interactionscolourscreeningcutoff in PYTHIA (PARP( 82) ), requiringthere-

tunedmodelsto agreewith the averagechagedparticlemultiplicity of TuneA [3]. Below, we

compareTuneA to a preliminarytune of the new UE framework (Old CR) adaptedrom the

Low FSRtunein [11], andto the samemodelwith Typel andTypell colour reconnections
applied.For the4 models,PARP( 82) =2. 0,2. 1, 2. 2, 1. 55, respecitrely.

Next, for eachof thetunedmodels 50000tt eventsweregenerate@t Eqo; = 1960 GeV,
correspondingo approximatelysfb~" of integratedluminosity. Out of the semi-leptonidrac-
tion of this sample gventswith exactly four chagedparticlejets wereselectedclusteredwith
anexclusive kT jet algorithm([33] with d.; = 150 GeV?). Finally, thejetshave to be uniquely
identifiedto thecorrectparton.Thiswasdonerequiringthatthe (andonly the)dedicatedet has
aminimal A R betweents axisandtheinitial parton.

In the undisturbedtcolourtopology threestring piecesarerelevant;onespannedetween
the W jets, one betweenthe b quark and the p beamremnant,and one betweenthe b and
the p remnant. To maximisethe overlap of thesestrings, and hencecreatea bias towards
situationswherecolour reconnectionshouldbe enhancedye rejecteventsthat do not fulfill
eitherconditionA) n, > 14 > m, or B) ng > nq > 4.

For eachacceptedvent, we performa boostto the restframeof the hadronicW, thena
polarrotationto line up thedecayjetsalongthe z axis(for conditionA (B), thequarkis rotated
to 0° (180°)), andfinally anazimuthalrotationto bring theb jet from the associatedop decay
into the (z, z) plane,in the positive-z hemisphereWe thenrejecteventswherethe otherb jet
is notalsoin the positve-r hemispheresothatthe negative-r hemispherdetweerthe W jets
should,atleastto someextent,befreefrom extraneousadronicactuity.

We considertwo obsenables,in both casesonly including particlesin the negatve«
hemisphereFirst,in Fig. 3a,thechagedparticlemultiplicity betweerthejets,1/Ng,d N4, /d6,
andsecondjn Fig. 3b, thetrans\yersemomentumdistribution 1/Ng,d Ny, /dp, for particlesin
theinterjet region, 60° < 6 < 120°, indicatedin Fig. 3aby dashed/erticalmarlers.

In Fig. 3a, the asymmetrybetweenthe left and right peaksizesis due to the rapidity
constraintaandto the way we performedthe rotations;conditionsA andB thenbothforcethe
associated quarkto be closerto theright-handjet. Giventhe subtlenatureof the effect, and
thenoisyhadronicervironmentthevariationsn Fig. 3 arequitelarge (thedistortionof thepeak
shapeatsmallangledor Typel is, however, probablytoo largeto berealistic). However, notice



thatthereconnectedcenarioslo not leadto asignificantreducecchagedparticledensityin the
inter-jet region, which would have beenthe effect we shouldnaiely have beenlooking for, by
comparisorto theete™ studies.We note,however, thatthe mostagressie of the nev models,
Typell (blue dasheccurwe), doesproducefewer particlesin the fragmentatiorregion thanits
sisterType | (greendot-dashed)and also (as shavn in figure 3b) that the chaged particles
producedn Typell have ahigheraveragep, .

Whatis goingonis that,asfor somary aspect®f hadron-hadromphysics,the endresult
is not controlledby one effect alone,but by a combinationof factors. Multiplicity will be
increasedy allowing moreunderlying-@entactvity andwill be decreasedy allowing more
colour reconnections.Hencethe samemultiplicity canbe arrived at throughdifferentmixes
of these. By first tuning to the min-biasdatawe areto someextent cancellingtheseeffects
againsteachother This illustratesan essentialpoint: in a hadron-hadrorervironment,the
multiplicity alonemaynotbeadiscriminatingvariable.However, the mixesarenotcompletely
equivalent. While they may lead to the sameresultin one distribution, they will differ for
another Specifically by combiningthe particleflow with the enegy flow, somediscriminating
power canbe gained. Oneway of realisingthis is to considerthat the underlyingactwity is
pumpingenegy into the event. To maintainthe samemultiplicity distribution, the particle
hardnessnustthenbea functionof theunderlyingactuity, asis illustratedby Fig. 3. While we
shallterminateour discussiorhere,the subjectof disentanglingheseeffectscertainly merits
furtherconsideration.

5. Conclusions

We have presentedh few simpletoy modelsof colour reconnectionshbasedon an annealing-
likealgorithm. Thesemodelsarequitegenerabndaredirectly applicableto any processunlike
mary previousmodelsfor which only implementationspecificto WW eventsexist.

As afirst application,we have studiedthe effectson two simpleobsenablesin semilep-
tonic tt eventsat the Tevatron. We find that, while we cannotdiscernthe presencer absence
of a classicalstring effectin the multiplicity distributionsalone,it may still be possibleto dis-
tinguishbetweerdifferentmodelsby includingenegy-flow information. The naturalnext step
would beto considetheextentto whichmeasurementsf thetopmassatthe TevatronandLHC
areinfluencedby theseeffects. For instance an attractve possibility is to usethe hadronically
reconstructedV massin theseeventsto setthe jet enegy scale hencethe degreeto which the
hadronicW massreconstructiorns affectedby the effectsdiscussederewould be interesting
to examine.

We intend this study mostly for illustration and for communicatinga few essentiake-
marks. As such,we have freely (ab)usedMonte Carlo truth information and have skipped
lightly over a numberof aspectswhich would have to be more carefully addressedh a real
analysis. We hopethat this work may neverthelesssene to stimulatefurther efforts in this
exciting andpresentiylittle understoodield.
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